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Magnetization-induced optical third-harmonic generation (MTHG) is observed in magnetic nanos-
tructures: Co and Fe nanolayers and granular films containing Co nanoparticles. Magnetization-
induced variations of the MTHG characteristics in these nanostructures exceed the typical values
of linear magneto-optical Kerr effect by at least an order of magnitude: the maximum of magnetic
contrast in the MTHG intensity is up to 0.2, the angle of polarization rotation for MTHG is 10◦
and the relative phase shift is up to 100◦.
PACS numbers:
Magneto-optics, with its more than century-long his-
tory, remains one of the most important experimental
methods in studies of magnetism. Recently, significant
attention has been directed towards nonlinear magneto-
optics [1]: nonlinear magneto-optical Faraday and Kerr
effects in second-harmonic generation (SHG) were ob-
served experimentally in yttrium-iron-garnet films [2],
then at surfaces of magnetic metals [3], in magnetic mul-
tilayers [4] and nanogranules [5]. Experimental measure-
ments [2-5] and theoretical estimates [6] reveal the typ-
ical magnitudes of the magnetization-induced effects in
SHG: the magnetization-induced variations of the SHG
intensity and rotation of the second-harmonic (SH) wave
polarization, may exceed the linear magneto-optical Kerr
effect (MOKE) by orders of magnitude.
It is well recognized that magnetization-induced SHG
(MSHG) is a powerful probe of surface and interface mag-
netism [1,6,7]. The latter comes about from the lack of
dipole magnetization-induced second-order susceptibility
in the bulk of centrosymmetric magnetic materials. In
contrast to the bulk, the surface of centrosymmetric ma-
terials is always noncentrosymmetric and results in local-
ization of the dipole magnetization-induced nonlinear po-
larization at the surface. MSHG comes from the surface
layer that is several nanometers thick and probes the sur-
face magnetic properties. Meanwhile, this high surface
sensitivity of MSHG is extruded in shadow third-order
nonlinear magneto-optical effects because of their bulk
localization as well as their small expected value. This
is why the observation of magnetization-induced third-
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harmonic generation (MTHG) is discussed just recently
in garnet films [8,9] and magnetic alloys [10]. On the
other hand, both the surface MSHG and bulk MTHG are
expected to supplement each other as magneto-optical
probes and provide complementary information about
the magnetic properties of nanostructures.
In this paper, magnetization-induced THG is observed
in the following magnetic nanostructures: Co and Fe
nanolayers, and granular films containing Co nanoparti-
cles.
For the description of MTHG, one can follow the
phenomenological approach which has been developed
for the MSHG effects [1]. According to this approach,
the third-order susceptibility of a magnetic material is
a combination of crystallographic and magnetic terms,
which possess even and odd parities in magnetization,
M , respectively: χ
(3)
ijkl = χ
(3)cryst
ijkl + χ
(3)odd
ijkl (M), where
χ
(3)cryst
ijkl (M)=χ
(3)cryst
ijkl (−M) is the crystallographic non-
magnetic susceptibility and χ
(3)odd
ijkl (M)=−χ
(3)odd
ijkl (−M)
is the magnetic susceptibility. Then the MTHG inten-
sity is given by:
I3ω(M) ∼ [E
cryst
3ω +E
odd
3ω (M)]
2 = [fi(3ω)(χ
(3)cryst
ijkl +
χ
(3)odd
ijkl (M))fj(ω)fk(ω)fl(ω)Ej(ω)Ek(ω)El(ω) + c.c.]
2,
(1)
where Ei(ω) is the i-th component of the fundamental
field, Ecryst3ω and E
odd
3ω (M) are the third-harmonic (TH)
fields originating from the crystallographic and magnetic
susceptibilities, respectively, fi(3ω) and fj(ω) are coef-
ficients that contain Fresnel and local field factors and
linear magneto-optical rotation of polarization of fields
at corresponding wavelengths. Eq. 1 includes a cross-
product of Ecryst3ω and E
odd
3ω (M). This interference cross-
product, Eodd3ω (M) · E
cryst
3ω , is odd with respect to mag-
2netization and is responsible for the internal homodyne
effect [11]. The absolute value of homodyne cross-term is
not supposed to be small, even for an intrinsically small
magnetic co-factor, because of the large value of crys-
tallographic co-factor. To describe the intensity effects
in MTHG, the THG magnetic contrast, ρ3ω, can be de-
fined by analogy with the SHG magnetic contrast, ρ2ω,
introduced in [3,4]:
ρ3ω =
I3ω(M ↑)− I3ω(M ↓)
I3ω(M ↑) + I3ω(M ↓)
∼
χ
(3)odd
eff (M)
χ
(3)cryst
eff
cos[Φ3ω(M)],
(2)
where I3ω(M ↑↓) are the THG intensities for the opposite
directions of the magnetization, χ
(3)odd
eff (M) and χ
(3)cryst
eff
are the combinations of tensor components of the cor-
responding susceptibilities and Φ3ω(M) is the relative
phase between Ecryst3ω and E
odd
3ω (M). Symmetry analy-
sis of χ
(3)odd
ijkl (M) tensor [8,9] shows that magnetization-
induced variations of the THG intensity result from the
internal homodyne effect in the geometry of the transver-
sal Kerr effect (see the left-hand inset in Figure 1, a). To
extract the ratio ofmagnetic and crystallographic compo-
nents of χ
(3)
eff from ρ3ω, one should obtain Φ3ω(M) from
the THG interferometry.
The THG interferometry is the direct analogue of the
SHG interferometry described in detail elsewhere [12].
The scheme of the nonlinear optical interferometry is
shown at the right-hand inset in Fig. 1 a). The TH
fields from the sample and the reference source interfere
at the photomultiplier while the reference THG source is
translated along the direction of the fundamental beam.
The interference pattern, i.e., an oscillating dependence
of the detected THG intensity as a function of the ref-
erence displacement, r, results from the phase shift be-
tween the interfering TH fields. This shift appears in the
space between the sample and the reference due to the
dispersion of air at the TH and fundamental wavelengths.
The total THG intensity from a magnetic sample and a
nonmagnetic reference as a function of r is given by:
I3ω(r,M) = I
ref
3ω + I
samp
3ω (M) + 2α
√
Iref3ω I
samp
3ω (M)
cos[
2pir
L(3ω)
+ Φsamp3ω (M)− Φ
ref
3ω ],
(3)
where L(3ω) = λω(3∆n)
−1 is the interference pattern
period, λω is the fundamental wavelength, α is the co-
herence coefficient of the fundamental beam, ∆n =
n(3ω) − n(ω) describes the dispersion of the refractive
index of air, n, at the THG and fundamental wave-
lengths, respectively, Φsamp3ω (M) ≡ arg[E
samp
3ω (M)] and
Φref3ω ≡ arg[E
ref
3ω ] are the phases of the TH fields from
the magnetic sample, Esamp3ω (M), and the reference THG
source, Eref3ω , respectively. The magnetization-induced
shift between two interference patterns measured for the
opposite directions of the magnetic field, ϕ3ω(M) =
Φsamp3ω (M ↑)−Φ
samp
3ω (M ↓), allows one to deduce Φ3ω(M)
in accordance with the vector diagram at the inset in Fig.
1, b).
The samples of magnetic nanostructures studied in this
work are: (1) magnetic nanogranular films of the com-
position CoxAg1−x and Cox(Al2O3)1−x and (2) thin ho-
mogeneous Co and Fe(110) films. The CoxAg1−x and
Cox(Al2O3)1−x films are prepared by the co-evaporation
of Co and Ag (Al2O3) from two independent electron-
beam sources onto glass-ceramic substrates [13]. The
structure of CoxAg1−x and Cox(Al2O3)1−x films is char-
acterized by X-ray diffraction and reveals the existence
of nanogranules with the diameter ranging from 3 nm
to 6 nm for the composition x < 0.4. The fabricated
granular films exhibit giant magnetoresistance (GMR)
effects that are characterized by the GMR coefficient:
ρGMR = −[R(0) − R(M)]/R(0), where R(M) and R(0)
is Ohmic resistance measured in magnetized and demag-
netized material. ρGMR is measured by the four-probe
method at room temperature in a magnetic field up to 8
kOe.
Homogeneous Co films 400 nm thick are deposited in
similar conditions using a single Co source. The homoge-
neous Fe(110) films 100 nm thick are epitaxially grown
on Si(111) substrates [14].
The output of an OPO laser system ”Spectra-Physics
710” at 800 nm wavelength, pulse duration of 4 ns, pulse
intensity of 2 MW/cm2, and a Q-switched Y AG : Nd3+
laser at 1064 nm wavelength, pulse duration of 15 ns and
pulse intensity of 1 MW/cm2 are used as the fundamen-
tal radiation. The TH(SH) radiation is filtered out by
appropriate glass bandpass and interference filters and is
detected by a PMT and gated electronics. To normalize
the THG(SHG) signal over the OPO and Y AG : Nd3+
laser fluency and the spectral sensitivity of the optical
detection system, a reference channel is used with a Z-
cut quartz plate as a reference and a detection system
identical to that in the ”sample” channel. The THG and
SHG interferometry is performed by translating a 30 nm
thick indium-tin-oxide (ITO) film on a glass substrate in
the direction parallel to the laser beam. An in-plane
dc-magnetic field up to 2 kOe is applied in nonlinear
magneto-optical measurements at the magnetic samples
by permanent Fe-Nd magnets.
Prior to the studies of magnetization-induced effects
in THG, Co and Fe nanostructures are characterized by
the MSHG probe. Table 1, column 2, presents the SHG
magnetic contrast for all samples. The largest value of
ρ2ω is up to 0.45 in Fe(110) homogeneous nanolayers.
The experimental values of ρ3ω in Co and Fe nanos-
tructures are presented in the Table 1, column 1. In
particular, ρ3ω in Co0.19(Al2O3)0.81 is up to 0.16, which
exceeds the linear MOKE by about two orders of mag-
nitude [15]. The comparison of ρ3ω and ρ2ω in the same
materials shows that for nanogranular films the magnetic
contrast in THG and SHG is nearly the same, while in
Co and Fe nanolayers ρ2ω is several times larger than
ρ3ω.
Figure 1 shows two THG interference patterns for Co
3ρ3ω ρ2ω ϕ3ω(M) ϕ2ω(M) χ
(3)odd
eff (M)/χ
(3)cryst
eff χ
(2)odd
eff (M)/χ
(2)cryst
eff
Co 0.09 ± 0.03 0.32± 0.05 700 ± 100 140 ± 40 0.55± 0.1 0.2 ± 0.05
Fe(110) 0.08 ± 0.03 0.45± 0.05 90 ± 50 130 ± 40 0.09± 0.05 0.3 ± 0.05
Co0.31Ag0.69 0.09 ± 0.03 0.05± 0.03 17
0 ± 50 80 ± 30 0.16± 0.05 0.1 ± 0.05
Co0.19(Al2O3)0.81 0.16 ± 0.04 0.09± 0.03 105
0 ± 150 140 ± 50 1.3± 0.1 0.13 ± 0.05
TABLE I: Magnetic contrast in the THG and SHG intensity; the magnetization-induced phase shift of the total TH, ϕ3ω(M),
and SH, ϕ2ω(M), fields; the ratio of χ
(3)odd
eff (M)/χ
(3)cryst
eff and χ
(2)odd
eff (M)/χ
(2)cryst
eff for magnetic nanostructures.
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FIG. 1: (a) The MTHG interferometry patterns in Co film for
the opposite directions of the magnetization,M ↑↓. Left-hand
inset: the scheme of the transversal geometry of nonlinear
magneto-optical Kerr effect. Right-hand inset: the scheme
of SHG and THG interferometry. (b) The MTHG interfer-
ometry patterns in Co0.19(Al2O3)0.81 film for the opposite
directions of the magnetization M ↑↓. Inset: vector diagram
of odd and crystallographic components of the TH field.
and Co0.19(Al2O3)0.81 films for the opposite directions
of magnetization and the magnetization-induced phase
shift for ϕ3ω(M) = 70
0 and 1050, respectively, is ob-
served for the total TH field, E3ω(M). Results of in-
terferometric measurements of the relative phase shift of
magnetization-induced TH field and the ratio of the mag-
netic and crystallographic components of the third-order
susceptibility are summarized in Table 1. Also shown
are the results of the analogous MSHG measurements
which are presented for comparison with second- and
third-order nonlinear magneto-optical effects.
In the longitudinal NOMOKE configuration, the non-
magnetic and magnetization-induced components of the
TH field are polarized orthogonally, Ecryst3ω being p-
polarized and Eodd3ω (M) being s-polarized, respectively.
The magnetization-induced effects appear in the rotation
of polarization of the total TH wave. The THG intensity
depends on the analyzer angle Θ:
I3ω(Θ) ∝ |E
cryst
3ω cosΘ+E
odd
3ω (M) exp(iφM ) sinΘ|
2, (4)
where the phase shift φM describes the TH field elliptic-
ity. The TH wave is considered to be linearly polarized
with φM ≃ 0. The rotation angle of the polarization of
the TH wave upon reversal of magnetization is estimated
to be ∆Θ ≃ 2 arctan[|Eodd3ω (M)|/|E
cryst
3ω |] and depends
on the ratio of corresponding elements of the χ
(3)odd
ijkl (M)
and χ
(3)cryst
ijkl tensors [10]. Magnetization-induced rota-
tion of the TH wave polarization up to 100 ± 20 is ob-
served in Fe(110) nanolayers. The previously mentioned
magnetization-induced effects in THG are attributed to
the proper combinations of components of magnetic and
crystallographic third-order susceptibilities. In princi-
ple, the part of magnetization-induced changes in the
THG parameters might originate from linear MOKE at
the fundamental wavelength. Meanwhile, magnetization-
induced changes of the amplitude and polarization of the
fundamental wave show that corresponding contributions
to MTHG are negligible.
The observation of magnetization-induced effects in
THG from CoxAg1−x and Cox(Al2O3)1−x nanogranu-
lar films allows one to perform a comparative analysis of
MTHG and GMR effects as it was performed recently for
MSHG in CoxAg1−x films [5]. Figure 2, a shows the de-
pendence of ρ3ω on the concentration of Co in CoxAg1−x
films, which reveals a monotonic increase for x > 0.4 and
a local maximum in the vicinity of x ≈ 0.3. The former
corresponds to a straightforward monotonic increase of
the ferromagnetic phase in the Co fraction of the compos-
ite material as the concentration of Co exceeds the per-
colation threshold [10]. A local maximum corresponds to
the specific magnetic properties of nanogranules; ρ3ω(x)
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FIG. 2: (a) Magnetic contrast in the THG intensity for
CoxAg1−x nanogranular films as a function of the film com-
position x (shown with open circles). The SHG magnetic
contrast at the fundamental wavelength of 1064nm (closed
circles), and 800nm (half-closed circles), respectively. Magne-
toresistance as a function of the CoxAg1−x film composition
x (triangles). (b) Magnetic contrast in the THG intensity for
Cox(Al2O3)1−x nanogranular films as a function of the film
composition x (open circles). Magnetic contrast in the SHG
intensity (closed circles). The GMR coefficient as a function
of the Cox(Al2O3)1−x film composition x (triangles).
attains a local maximum at the same region of Co con-
centration (0.3 - 0.35) as the concentration dependence
of ρGMR. It is worth noting that correlation between
ρ3ω(x) and ρGMR(x) is almost the same as for ρ2ω(x) as
presented in Figure 2, a for comparison. The maximum
of ρ2ω(x), measured at two wavelengths of the fundamen-
tal radiation of 800 nm and 1064 nm, is attained in the
vicinity of x ≈0.36. The similarity of the dependencies
of ρ2ω and ρGMR on x in CoxAg1−x nanogranular films
has recently [5] been supposed to originate from the de-
pendence of the nonlinear optical response and the GMR
effect on the quality of interfaces between magnetic gran-
ules and the nonmagnetic host material. In fact, GMR in
CoxAg1−x nanogranular films is attributed to the spin-
dependent electron scattering and is highly interface sen-
sitive [13].
The connection between the GMR mechanism and
the correlation between ρ3ω/2ω(x) and ρGMR(x) becomes
more apparent from the comparison of the MTHG and
MSHG results in two different types of nanogranular
films. In contrast to spin-dependent electron scattering
in CoxAg1−x films, the GMR effect in Cox(Al2O3)1−x
films is attributed to spin-dependent electron tunnelling
[16]. Figure 2, b shows the dependencies of ρ3ω/2ω on the
concentration of Co in Cox(Al2O3)1−x films. Qualita-
tively, these dependencies are close to those in CoxAg1−x
films. Meanwhile, contrary to CoxAg1−x films, the lo-
cal maximum of both ρ3ω(x) and ρ2ω(x) is attained at
approximately x ≈ 0.19, whereas the peak of ρGMR(x)
is centered at x ≈ 0.3. This shift between maxima of
ρ3ω/2ω(x) and ρGMR(x) in Cox(Al2O3)1−x films shows
the lack of correlation between nonlinear magneto-optical
and GMR effects in this material.
In conclusion, magnetization-induced optical third-
harmonic generation is observed in magnetic homoge-
neous Fe and Co nanolayers and magnetic films contain-
ing Co nanogranules. Magnetization-induced variations
of the THG parameters are of the same order of magni-
tude as in MSHG, and exceed the typical values of the
linear MOKE by at least an order of magnitude. Correla-
tion between the dependencies of ρ3ω/2ω(x) and ρGMR(x)
is observed below the percolation threshold in CoxAg1−x
films, which reveals the spin-dependent scattering GMR
mechanism, whereas in Cox(Al2O3)1−x films with the
spin-dependent tunnelling GMR mechanism, the depen-
dencies of ρ3ω/2ω(x) and ρGMR(x) do not correlate. At
the same time, the general conclusion about correlation
between MTHG and GMR in CoxAg1−x films demands
further detailed studies.
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